Abstract: Visible light communication (VLC) technology based on mobile-phone camera has attracted more and more attention. Using the rolling-shutter effect of a complementary metal-oxide-semiconductor (CMOS) camera, the VLC system can achieve a higher data rate than CMOS camera frame rate. However, the blooming effect of the CMOS camera and light noise can cause grayscale value fluctuation, which can cause data logic not being correctly defined by a decision threshold, thereby affecting system performance. In this paper, for the first time, we propose an exponent transform (ET) algorithm to decrease grayscale value fluctuation, thus improving the VLC system performance. Compared with our previously proposed moving exponent average algorithm, the ET algorithm has advantages in computational complexity and bit error rate performance. Experimental results show that with the ET algorithm, over 50 cm (150 cm) transmission distance at a data rate of 5 Kb/s (2.5 Kb/s) can be achieved under the 7% forward error correction limit (BER = 3.8 × 10 −3 ) for the mobile-phone camera based VLC system. Index Terms: Visible light communication (VLC), mobile-phone camera, grayscale value fluctuation, blooming effect, exponent transform (ET), moving exponent average (MEA).
Introduction
Visible light communication (VLC) is an optical wireless communication (OWC) technology which uses visible light between 400 and 800 THz (780-375 nm). Compared to other OWC technologies, VLC can not only provide both functions of illumination and data communication, but also has unique advantages, such as wide unlicensed spectrum, low cost, no electromagnetic interference, low power consumption, and inherent security [1] - [5] . Hence, VLC can be widely used for indoor positioning, vehicle-to-vehicle communication, underwater VLC (UVLC), and electromagnetic interference free communication [6] - [9] . In order to detect the received light signal of the VLC system, a photodetector is needed. For traditional OWC systems, the photodetectors used to detect light signal are mainly positive-intrinsic-negative (PIN) and avalanche photodiode (APD). For VLC, in addition to the PIN and APD, an image sensor can also be used as the receiver (Rx) to detect the received light signal. Nowadays, mobile-phones with cameras have pervaded our daily lives. According to the types of image sensors that capture images, cameras can be classified as the charge coupled device (CCD) and complementary metal-oxide-semiconductor (CMOS) cameras. Compared with CCD image sensors, most CMOS image sensors have cheaper cost, smaller size, lower power consumption, and faster data processing speed. Therefore, most mobile-phones use a CMOS camera to capture the image. With the rolling-shutter effect of CMOS camera for VLC, the achievable data rate can be higher than the CMOS camera frame rate [10] - [12] . Although the communication rate is low (much lower than PD-based VLC and WiFi). In some applications, the achievable data rate is enough, such as indoor positioning and navigation. The communication technique can solve the problem of low indoor positioning accuracy, and it uses a mobile-phone camera as a receiver without adding other external devices. Therefore, the mobile-phone camera based VLC has attracted more and more attention. However, the blooming effect and light noise can cause the grayscale value fluctuation, the accuracy of the data logic definition is reduced, thus deteriorating the system performance. There are many ways to improve the VLC system performance, including selecting grayscale values that are less affected by blooming effect and light noise, reducing grayscale value fluctuation, and advanced thresholding schemes. In [13] , selecting a proper column using a second order polynomial fitting mitigates the blooming effect, thus reducing the grayscale value fluctuation. The computational complexity of this scheme is high. In [14] - [16] , an advanced smoothing algorithm was reported. The main idea of the smoothing algorithm is that the original grayscale values larger than the polynomial fitting curve will be equally assigned to that values of the curve. The smoothing algorithm requires the high contrast of bright and dark stripes, which affects the transmission distance of the VLC system. In order to improve the accuracy of the data logic definition, advanced thresholding schemes had been reported [17] - [19] . These thresholding schemes can greatly improve the system performance. However, the grayscale value needs to be smoothed to reduce the grayscale fluctuation. In [20] , a moving exponent average (MEA) algorithm is proposed to reduce the grayscale value fluctuation. However, the algorithm model can be further optimized to achieve a better system performance.
In this paper, we propose an exponent transform (ET) algorithm to reduce the grayscale value fluctuation, thus improving the performance of the mobile-phone camera based VLC system. Firstly, we select a proper column matrix of grayscale values for signal demodulation. Then, we propose the ET algorithm model and optimize the exponent factor. By analyzing the experimental data, the optimal exponent factor of ET algorithm is set to 0. 
, which means that over D transmission distance at data rate of R , the BER performances of ET and MEA are B E R E T and B E R M E A , respectively. It can be clearly observed that the ET algorithm shows the better BER performance. Additionally, by comparing the algorithm flowchart of ET and MEA, ET algorithm has a lower computational complexity. In order to prove this conclusion, we use both algorithms to process a few images in MATLAB and compare the computation time. Experiment results show that the computation time of ET is lower than that of MEA. Therefore, compared to the MEA algorithm, our proposed ET algorithm has advantages in both computational complexity and BER performance. With ET, over 50 cm (150 cm) transmission distance at a data rate of 5 Kbps (2.5 Kbps) can be achieved under the 7% FEC limit for the mobile-phone camera based VLC system.
Experimental Setup
The experimental setup of the mobile-phone camera based VLC system is shown in Fig. 1(a)-(b) . At the transmitter (Tx), a pseudo-random binary sequence (PRBS) is generated by MATLAB in a computer. The PRBS is packaged in a packet with an 8-bit header data and 92-bit payload data. Each packet is converted to a signal waveform file in non-return-to-zero on-off-keying (NRZ-OOK) modulation format. Then, the file is sent to an arbitrary waveform generator (AWG, Tektronix, AFG3102C) to generate a modulated electrical signal which is applied to a LED array via a LED drive circuit. Here, in order to be consistent with the brightness of the light in a real living environment, the LED array consists of 15 white-light circular LEDs. The LED array is round in shape and has a diameter of 11 cm and an electrical power of approximately 13.5 Watt (W). In order to increase the transmission distance, a LED lens is used. As shown in Fig. 1(b) , the material of the LED lens is poly (methyl methacrylate) (PMMA). At the Rx, after optical wireless channel, the modulated light signal is received by the mobile-phone (Huawei Honor 7) rear camera. The CMOS camera has 3888 × 5152 pixels (Row × Column) and a frame rate of 30 frames per second (fps). Besides, the two certain parameters of the camera are changed, including exposure time (1/3200 s) and ISO sensitivity (ISO-1600). By exploiting the rolling-shutter effect, the light signal will be recorded as the different widths of bright and dark stripes in an image. Fig. 1 (c) shows a captured grayscale image. The image carrying data information is processed by MATLAB on a computer for signal demodulation.
ET Algorithm
The illumination information can be obtained from the captured image, which is used for signal demodulation. After graying the original color image, the matrix of grayscale values corresponding to the illumination information can be obtained. The rolling-shutter effect of CMOS camera is where a row of pixels is read out while all other rows of pixels continue to be exposed. Since the exposure time and readout time for each row of pixels are very short relative to the data signal period, each row of pixels can be considered to record the same data information. In order to demodulate the signal, we select a group of grayscale values containing all data information. However, as shown the bright region in Fig. 1(c) , the blooming effect affects the grayscale values of pixels, which causes great differences in contrast of bright and dark stripes at different locations in the captured image. Furthermore, there is random noise interference between adjacent pixels and light noise. The light noise is caused by surrounding objects, which is random. Under the illumination of the light, the object may generate a bright or dark region in the image. The three factors affect the selection of a group of grayscale values for signal demodulation. In order to select a proper group of grayscale values, the grayscale values of each row of the grayscale image are sorted in descending order. Fig. 1(d) shows the sorted grayscale image. We can observe that the bright region is distributed at the left end of the grayscale image, which helps to select a group of grayscale values. Furthermore, some bright or dark regions caused by light noise are also distributed at the left or right end of the grayscale image. Then, using a grayscale selection scheme, a group of grayscale values that are less affected by the blooming effect and light noise can be selected. Here, the selected group of grayscale values is a column matrix in the sorted grayscale matrix. In [20] , the process of column matrix selection is described in detail.
The selected column matrix of grayscale values is shown in Fig. 2 . It can be observed that the grayscale value fluctuates greatly, which is mainly caused by the blooming effect and light noise. Since the grayscale value fluctuates greatly, the accuracy of data logic defined by the decision threshold is reduced. Here, the decision threshold is generated by a 3rd order polynomial fitting curve (red curve in Fig. 2) . In order to improve the accuracy of the data logic definition, we propose the ET algorithm to decrease the grayscale value fluctuation. Since grayscale value fluctuation is related to the increments and decrements of the grayscale values, we consider using the grayscale values of pixels and their variations to decrease the grayscale value fluctuation. As can be seen from Fig. 2 , the grayscale value variations of edge pixels are less than that of the center pixel. Additionally, the grayscale value of the edge pixel is smaller than that of the center pixel. In order to decrease the grayscale value fluctuation, we consider decreasing the grayscale value for the pixel with a large grayscale value while increasing the grayscale value for the pixel with a small grayscale value. This is the main idea of our proposed ET algorithm. The ET algorithm model is defined as
where x(i ) is the grayscale value of the i th pixel which has been smoothed by a moving average filter, y(i ) is the output signal. As shown in Fig. 2 , we arbitrarily select two pixels A (red symbol) and B (green symbol). The A and B pixels are the 236th and 1326th pixels of the selected column matrix, respectively. According to the selected column matrix, x(236) = 17.2857, x(237) = 17.5714, x(1326) = 45, x(1327) = 45.5714. To prove that our proposed ET algorithm can reduce the grayscale value fluctuation, we calculate the variation rate of the grayscale value of pixels which have been processed by ET. Here, the grayscale value variation rate of the pixel is defined as
If the η(i ) > 0, the grayscale value of the i th pixel is increased by ET. If the η(i ) < 0, the grayscale value of the i th pixel is decreased by ET. Table 1 
shows y(236), y(1326), η(236), η(1326) and η(236) − η(1326) for different α and β. Here, η(236) − η(1326) can approximately indicate the degree to which the grayscale value fluctuation is reduced by ET. The larger the value of η(236) − η(1326)
, the more the grayscale value fluctuation is reduced by ET. We can clearly observe that η(236) > η(1326) > 0 when α = 1 (or α = 0.1) and β = 1. It means that after ET algorithm processing, the increase rate of the grayscale value of the 236th pixel is higher than that of the 1326th pixel. According to the η(236) − η(1326), when α = 1 and β = 1, the increase rate of the grayscale value of the 236th pixel is 0.77% larger than that of the 1326th pixel; when α = 0.1 and β = 1, the increase rate of the grayscale value of the 236th pixel is 0.42% larger than that of the 1326th pixel. Therefore, if the grayscale value of a pixel is increased by the ET, setting α = 1 and β = 1 can reduce the grayscale value fluctuation more than that setting the α = 0.1 and β = 1.
Similarly, |η(236)| < |η(1326)| (| * | is an absolute symbol. i.e. | − 1| = 1) when η(236) < 0 and η(1326) < 0. It means that the decrease rate of the grayscale value of the 236th pixel is lower than that of the 1326th pixel. According to the η(236) − η(1326), when α = 1 and β = 0.1, the the decrease rate of the grayscale value of the 236th pixel is 4.53% smaller than that of the 1326th pixel; when α = 0.1 and β = 0.1, the the decrease rate of the grayscale value of the 236th pixel is 4.46% smaller than that of the 1326th pixel. Therefore, if the grayscale value of pixel is decreased by ET, setting α = 1 and β = 0.1 can reduce the grayscale value fluctuation more than that setting α = 0.1 and β = 0.1. Additionally, as shown in Table 1 , the value of η(236) − η(1326) is largest when the α = 1 and β = 0.1. It means that when α = 1 and β = 0.1, the grayscale value fluctuation reduced by ET is the most obvious.
In order to obtain the optimal relationship between parameters α and β in the ET algorithm, we choose an image for signal demodulation at random. In the signal demodulation process, the selected column matrix is processed by ET with different α and β. After decoding, the number of error bits can be obtained. The experimental results are shown in Table 2 . It can be observed that when α = 0.1, β = 0.01 or α = 0.5, β = 0.05 or α = 1, β = 0.1, the number of error bits is 0. In these cases, the relationship between α and β is consistent with β = 0.1α. However, when α = 2, β = 0.2, the number of error bits is 1. This is because that the performance of ET is not only related to the relationship between α and β, but also the values of α and β. Therefore, the optimal relationship between parameters α and β in the ET algorithm is β = 0.1α. The ET algorithm model can be defined as
where x i is the i th entry of the selected column matrix which has been smoothed by a moving average filter and normalized; y i is the i th entry of selected column matrix which has been processed by ET algorithm; γ is the exponent factor which be used to adjust the grayscale values to achieve the purpose of reducing the grayscale value fluctuation.
In [20] , we proposed the MEA algorithm which also can reduce the grayscale value fluctuation and improve the BER performance of the mobile-phone camera based VLC system. Fig. 3(a) and (b) show the algorithm flowcharts of ET and MEA. Compared with the MEA algorithm, the ET algorithm reduces two data processing steps, including detecting whether two adjacent grayscale values are equal and adding the two adjacent grayscale values. Hence, according to the algorithm flowcharts of ET and MEA, the computational complexity of the ET algorithm is lower than that of the MEA algorithm. In order to prove this conclusion, we use both algorithms to process a few images in MATLAB and compare the computation time. Experiment results show that for each image, the average computation time of ET is about 5.1 ms; the average computation time of MEA is about 6.3 ms. Therefore, the ET algorithm has an advantage in computational complexity.
Results and Discussions
We study the effect of ET algorithm with different exponential factors on reducing the grayscale value fluctuation. In order to facilitate the observation of the change in grayscale value fluctuation, the selected grayscale value column matrix is normalized, which is shown in Fig. 4(a) . Since the OOK modulation format is used in the mobile-camera based VLC system, a decision threshold is needed to define the data logic. Here, the decision threshold is generated by a 3rd order polynomial fitting curve. However, due to the grayscale value fluctuation, the grayscale values of pixels aren't equally distributed on both sides of the decision threshold. As can be clearly seen in Fig. 4(a) , some data logic cannot be correctly defined by the decision threshold. In order to decrease the grayscale value fluctuation, the proposed ET is used. Fig. 4(b)-(f) show the selected grayscale value column matrix processed by ET algorithm with different exponent factor γ (γ = 10, 1, 10 −1 , 10 −2 , 10 −3 ). We can obviously observe that as the value of γ decrease, the grayscale value fluctuation will be gradually reduced. However, the grayscale value fluctuation will not be further reduced when the exponent factor γ is less than 0.1.
In order to study the impact of the exponent factor on the BER performance of the system, we evaluate the BER performance of the system for different γ. We sent ∼ 6 × 10 4 bits for each case to evaluate the BER performance. The measured results show that the number of error bits is 0 for some case. Here, BER = 0 can be approximated as BER = 1.667 × 10 −5 (BER = 1/60000). Fig. 5(a) show the measured BER-versus-γ curve for different transmission distances (from 25 to 175 cm with 25 cm step) when the data rate is fixed at 3.5 Kbps. Fig. 5(b) show BER-versus-γ curve for different data rates (2.5 Kbps, 3.5 Kbps, 4 Kbps, and 5 Kbps) when the transmission distance is fixed at 125 cm. Since the modulation scheme of the VLC system is OOK, the modulation frequency is equal to the data rate. As can be seen from Fig. 5(a) and (b) , with the γ decreasing, the BER performance is gradually improved until the γ is less than 0.1. Taking into account the full use of the effective decimals of the values, the optimal γ is set to 0.1 for the ET algorithm, and the 0.1 is the global optimal. Therefore, the ET algorithm is defined as
According to the previous analysis, the ET algorithm has an advantage in computational complexity. In order to prove that the ET algorithm also has an advantage in BER performance, we compare the BER performance of ET and MEA.
The BER performance comparison of MEA and ET is shown in Fig. 6 . The ET algorithm shows a better BER performance. For the data of 2.5 Kbps, the MEA and ET have almost the same BER performances. This is because that the grayscale value has no obvious fluctuation for low data rate. Experiment result shows that with MEA and ET processing, some cases have error-free (BER = 0). Here, BER = 0 is also approximated as BER = 1.667 × 10 −5 (BER = 1/60000). As the data rate increases, the BER performance advantage of ET is gradually increased. However, the achievable transmission distance and BER performance are reduced. This because that as the data rate increase, the grayscale value fluctuation is increased, which decreases the accuracy of the data logic definition, thus affecting the transmission distance and BER performance. Compared with MEA, ET has an advantage in reducing the grayscale value fluctuation. Therefore, the higher the data rate, the more obvious the BER performance advantage of ET.
For the short transmission distance, the contrast of bright and dark stripes is high, the BER performance of the system is mainly affected by the grayscale value fluctuation. Since ET has an advantage in reducing the grayscale value fluctuation, the BER performance of ET is better than that of the MEA. As the transmission distance increases, the BER performance advantage of ET is gradually decreased until the BER performance of ET and MEA approaches the same. This is because as the transmission distance increases, the contrast between the bright and dark stripes is gradually decreased. The grayscale value fluctuation has not been the main factor that affects the BER performance of the system. The BER performance has not been significantly improved by the ET and MEA algorithms. From Fig. 6 , we can observe that with the aid of ET algorithm, over 75 cm (150 cm) transmission distance at a data rate of 5 Kbps (2.5 Kbps) can be achieved under the 7% FEC limit.
Conclusion
In this paper, we propose the ET algorithm to reduce grayscale value fluctuation and enhance the performance of a mobile-phone camera based VLC system. According to the analysis and comparison of a large number of experimental results, the optimal ET algorithm model is obtained. In order to the optimize exponent factor of ET algorithm model, we study the impact of the different γ on the grayscale value fluctuation and the BER performance of the system. Experiment results show that the optimal γ of the ET algorithm model is set to 0.1. Our previously proposed MEA algorithm also can reduce the grayscale value fluctuation and improve the BER performance of the system. In order to prove that our proposed ET algorithm has an advantage in BER performance, we measure and compare the BER performances of ET and MEA. Experiment results show that the ET algorithm shows a better BER performance. Additionally, by comparing the algorithm flowchart and algorithm computation time of the two algorithms, our proposed ET algorithm also has an advantage in computational complexity. With the aid of ET algorithm, over 75 cm (150 cm) transmission distance at a data rate of 5 Kbps (2.5 Kbps) can be achieved under the 7% FEC limit for the mobile-phone camera based VLC system.
